Background
Introduction
The first influenza vaccine was licensed in the US in the 1940s. In the decades since, the accumulated data support the continued use of vaccine to reduce community transmission and severity of influenza disease [1] . Annually, the World Health Organization (WHO), the U.S. FDA, and other advisory agencies make recommendations on the composition of the seasonal influenza vaccine; the FDA selects the strains to include in vaccines for the U.S. population. Recommendations for the Northern Hemisphere and for the Southern Hemisphere are considered at different times based on epidemiology data. Until recently, the annually licensed trivalent inactivated influenza vaccines (IIV3) consisted of 3 strains: influenza A (H1N1), influenza A (H3N2), and an influenza B virus. Beginning with the 2013-14 vaccines, quadrivalent influenza vaccines containing an additional influenza B virus strain were approved. Inactivated influenza vaccine manufacturing is labor-intensive and rapid adjustment in production capacity in response to emerging epidemics/pandemics is limited by the availability of egg-adapted strains, as well as the egg supply needed for production. In addition to the need for more flexible and scalable manufacturing, there is also a need for improved levels of efficacy in vulnerable populations such as the elderly, young children, pregnant women and the immunocompromised. DNA vaccines can be manufactured rapidly because the sequences for novel strains can be incorporated quickly and the manufacturing process is efficient [2] . Induction of both humoral and cellular immunity by DNA vaccines used alone or in a prime-boost regimen may offer broader immune response and protection as it has been demonstrated in animal studies [3] [4] [5] [6] .
The DNA vaccine prime-inactivated vaccine boost strategy evaluated in the current study has been shown to improve the immune response for an H5N1 influenza strain [7, 8] . Based on experience with H5 influenza DNA vaccine priming, we initiated a series of studies with seasonal influenza DNA vaccine prime followed by IIV3 boost to assess the generalizability of the H5N1 findings. DNA priming may be a useful strategy for the older adult and pediatric populations for which IIV3 alone has lower efficacy. In the previous clinical studies of H5 DNA prime-H5N1 monovalent inactivated vaccine (MIV) boost, it was found that antibody responses are 4-6 fold higher after the boost when the prime-boost interval is 3-6 months compared to a shorter interval [7, 8] . To evaluate a prime-boost interval across two influenza seasons, in the VRC 701 clinical trial described here, DNA priming followed by a IIV3 boost 36 weeks later was compared to IIV3 alone.
Methods
The protocol for this trial and supporting CONSORT checklist are available as supporting information; see S1 Protocol and S1 CONSORT Checklist.
Ethics Statement
The study was approved by the IRBs at Saint Louis University, Cincinnati Children's Hospital Medical Center Cincinnati, Emory University, and Baylor College of Medicine. All subjects completed the consent process and signed written informed consent documents.
The study was conducted following guidelines for conducting clinical research with human subjects from the US Department of Health and Human Services, and was performed in accordance with 45 CFR Part 46, U.S. Food and Drug Administration regulations for investigational products, and principles expressed in the Declaration of Helsinki.
Study Design
VRC 701 was a phase 1b double-blinded, randomized, controlled trial to assess the safety and immunogenicity of a 2011/12 seasonal DNA vaccine prime followed by a licensed 2012/13 IIV3 boost 36 weeks later. The comparator group received phosphate buffered saline (PBS) prime and the 2012/13 seasonal IIV3 boost on the same schedule. Healthy adults, aged 18-70 years, who had received the 2011/12 licensed IIV3 at 8 or more weeks prior to enrollment, were eligible to participate in the trial. Subjects who were pregnant or breastfeeding; had recent receipt of immune modulating medical products; had contraindication to receiving influenza vaccine or history of serious vaccine reactions, were not eligible for participation.
Subjects were randomized to the DNA-IIV3 or PBS-IIV3 groups with equal allocation stratified within each age stratum (18-50 years or 51-70 years) and site. The randomization sequence was generated by the trial statistician in SAS using permuted blocked randomization with randomly selected block sizes of two or four. Upon enrollment, each subject was assigned a randomization number from the electronic data entry system that corresponded to a treatment on a randomization list available to the unblinded vaccine administrator. All prime injections, whether DNA vaccine or PBS, were administered in a blinded manner intramuscularly in the deltoid with the Biojector device (Bioject; Tualatin, Oregon, USA) on the day of enrollment (Day 0). The 2012/13 seasonal IIV3 boost (Fluzone, 45 mcg) was administered at study week 36. Subjects, clinical site staff, and laboratory staff were blinded throughout the duration of the trial.
The subjects completed diary cards to assess solicited local and systemic reactogenicity for 7 days after each vaccination; all adverse events that occurred within 28 days of either vaccination, and all SAEs or influenza-like illnesses throughout the 60 week duration of the trial were recorded. Adverse events were coded using the Medical Dictionary for Regulatory Activities (MedDRA). Blood samples collected prior to each vaccination and 4 weeks after the boost vaccination were tested for immune response to the 5 influenza strains included in the 2011/12 and/or 2012/13 seasonal influenza vaccines (Table 1) .
Vaccines
The investigational trivalent 2011/12 seasonal influenza DNA vaccine (VRC-FLUDNA061-00-VP) consisted of three closed-circular plasmid DNA macromolecules (VRC-9328, VRC-2439 and VRC-9323) 
Immunogenicity Assay Methods
Hemagglutinin (HA)-specific antibody as measured by Hemagglutination Inhibition (HAI) assay is the traditional benchmark measure of immune response to influenza vaccines. The primary immunogenicity time point was 4 weeks after the boost. The measurement of antibody by HAI assay was performed by a validated laboratory method at Bioqual, Inc., 9600 Medical Center Drive, Rockville, Maryland 20850. Briefly, the HAI assays were done in V-bottom 96-well plates using four hemagglutinating units of virus and 0.5% turkey red blood cells.
Statistical Analysis
The primary objective of the study was to assess the safety and tolerability of the DNA prime-IIV3 boost regimen. The secondary objective was to assess the frequency of positive responders by HAI at four weeks after the IIV3 boost, defined per the FDA criteria for seroconversion relative to baseline as either a baseline (Day 0) HAI titer < 1:10 and a post boost HAI titer 1:40 or a baseline HAI titer 1:10 and a minimum four-fold rise from baseline [9] . As an exploratory objective we summarized the proportion of subjects with seroconversion relative to their pre-boost titer defined as either a pre-boost (week 36) HAI titer < 1:10 and a post boost HAI titer 1:40 or a pre-boost HAI titer 1:10 and a minimum four-fold rise post-boost. Magnitude of immune response was estimated as the HAI geometric mean titer (GMT). Comparisons were made between the DNA-prime and control groups overall, and within each age stratum, using Fisher's exact test for proportions of responders and t-test for response magnitude using log-transformed HAI titers. Statisical significance was considered at a level of alpha = 0.05 without adjustment for multiple comparisons. As an exploratory post-hoc analysis, a linear regression model was fit to explore the effect of age stratum (18-50, 51-70) on log-transformed 
Results

Study Population
185 volunteers were screened at 4 sites, and 131 eligible healthy adults were enrolled in the trial between 12/9/2011 and 2/6/2012. All 131 healthy adults who were enrolled (Fig 1) received the prime vaccination (65 DNA, 66 PBS Control), 127 received the boost vaccination, and 125 subjects completed the study. Subject demographics are shown in Table 2 . The majority of the study population was female (71%), white (85%) and non-Hispanic (95%). The average age was 46.8 years (range 20 to 70 years); 66 subjects in the 18-50 year old stratum and 65 subjects in the 51-70 year old stratum. The average body mass index (BMI) was 27.1 (range 18.5 to 39.6). Previous influenza vaccination history is summarized by treatment group and by age strata in Table 3 .
Vaccine Reactogenicity and Safety
The investigational DNA vaccine was assessed as safe and well tolerated. A total of 6 SAEs were reported (3 in DNA-IIV3 group and 3 in PBS-IIV3 group) from the time of prime vaccination through the 60 weeks of follow-up; none were assessed as related to study injections. There were 4 unsolicited adverse events, injection site rash (1 day post vaccination), injection site scab (2 events; 3 and 5 days post vaccination), and injection site pruritus (2 days post vaccination), considered definitely related to DNA vaccination; all were mild and resolved without sequelae. The most commonly reported AEs within 28 days following the prime vaccination were: upper respiratory tract infection (4.6% DNA; 9.1% PBS), bruising at the injection site (6.2% DNA; 6.1% PBS) and influenza like illness (4.6% DNA; 7.6% PBS). 18 cases of influenzalike illnesses were reported by 17 subjects: 7 cases in the 2011/12 influenza season and 11 cases in the 2012/2013 influenza season; 8 cases in the DNA-IIV3 group and 9 cases (one subject reported 2 cases) in the PBS-IIV3 treatment group. No severe solicited injection site or systemic reactions were reported within 7 days of injection (Table 4) . For the prime vaccination, the most common injection site reaction was mild or moderate pain/tenderness, reported more frequently by subjects who received the DNA vaccine (71%, 95%CI: 58-81%) compared with the PBS control (39%, 95%CI: 27-52%). Pain/tenderness was also the most common injection site symptom following the IIV3 boost, but with no difference between subjects primed with DNA (41%, 95%CI: 29-54%) compared with the placebo primed controls (45%, 95%CI: 32-58%). The investigational DNA vaccine was associated with an increased frequency of local pain/tenderness compared to PBS control or IIV3 (p <0.001 for both comparisons). Overall, more subjects reported local reactogenicity following the DNA prime (75%, 95%CI: 63-85%) compared with those who received PBS control (42%, 95%CI: 30-55%; p = 0.0001), though most symptoms were mild.
The proportion of subjects reporting systemic reactogenicity following the prime injection was similar for DNA prime (28%, 95%CI: 17-40%) compared with those who received PBS control (21%, 95%CI: 12-33%; p = 0.42). (Table 4 ). The most frequent systemic symptom post prime was headache, reported at equal frequency in both groups (20%, 95%CI: 11-31%). Although myalgia appeared to be more frequent among DNA vaccine recipients (11%, 95% CI: 4-21%, post DNA (all mild); 5% post PBS (95% CI: 1-13%, 3% mild, 2% moderate), the difference in frequency is not statistically significant (p = 0.20). Regardless of prime vaccination, systemic symptoms were reported at similar rates following the IIV3 boost (DNA-IIV3 18%, 95% CI: 9-29% and PBS-IIV3 18%, 95%CI: 15-37%).
Immune Response
Administration of priming injections began in January 2012, and as a criterion for inclusion in the trial, all study participants received the 2011/12 IIV3 at least 8 weeks prior to priming injection. The pre-existing immunity was similar between the two study groups; 73% of DNA vaccine subjects and 83% of PBS control subjects had titers 1:40 as measured by HAI for A/ California/07/2009 (H1N1), an antigen included in the DNA prime and IIV3 boost (Table 5) .
Baseline /2010 [18-50: 13 (10-16), 51-70: 8 (7-10) ; p = 0.01]. Within each age stratum the GMTs were similar between the two treatment groups ( Table 6 ). The frequency of positive immune response to the prime-boost regimen for the five strains included in the DNA prime (2011/12 seasonal strains) and/or TIV boost (2012/13 seasonal strains) is summarized in Table 5 . Response rates following the IIV3 boost were similar between the DNA-prime and PBS-control groups. Within each age stratum (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) (70) the response rates between treatment groups were similar, but for the three influenza A strains the magnitude was higher in the younger age stratum (Table 6) Table 7 . Overall, subjects with a positive response at baseline had higher responses at 4 weeks following the boost, but regardless of baseline response, observed responses were similar between the groups receiving DNA or PBS prime.
Discussion
We demonstrated in our previous clinical studies targeting H5N1 influenza that a DNA vaccine prime administered 12-24 weeks prior to MIV boost increased the magnitude of protective immune response by 4-6 fold [7, 8, 10] . The population studied in the H5 DNA prime-MIV boost trials was naïve to H5N1 influenza. In the VRC 701 study we tested a DNA prime-IIV3 boost regimen where the DNA vaccine encoded the HAs of all three 2011/12 seasonal Table 6 . GMT for study groups as measured by HAI: GMT (95% CI). The DNA prime-IIV3 boost regimen was safe and well tolerated. Local reactogenicity was predominantly mild. The investigational DNA vaccine was associated with an increased frequency of local pain/tenderness compared to placebo or IIV3, but no differences were observed in other local or systemic reactogenicity symptoms.
Antigen
Upon analysis of immune responses, we did not detect any significant difference in response rate or magnitude to the 5 influenza strains between the DNA-IIV3 and PBS-IIV3 treatment groups at 4 weeks post boost. The findings in this study do not replicate those of the H5 influenza prime-boost studies. Whereas H5 is an antigen to which there is no prior immunity in study population, the circumstances with seasonal influenza antigens are different. In this case the inability to recognize an impact of DNA priming may be due to 1) immunological priming by previous natural influenza infections or prior vaccinations including the seasonal 2011/2012 IIV3 given just prior to enrollment may have established a repertoire that did not recognize the HA antigens produced by the DNA (original antigenic sin); 2) the mismatched strains in the 2011/12 DNA and the 2012/13 IIV3, or 3) the lengthy 36 week interval covering two influenza Table 7 . GMT 4 weeks Post-Boost for Study Groups by Baseline Immune Response: GMT (95% CI).
Baseline titer <10
Baseline titer seasons. There was a high level of baseline immunity in the adult population with about 70% of the study subjects reporting receipt of seasonal IIV3 3-5 times in the prior 5 years (Table 3 ). An interesting but not unexpected finding in this study was that the magnitude of responses in both groups was higher in the younger group of participants (18-50 years of age vs. 51-70 years of age). This is likely due to age related effects on immune responses [11] , and may be compounded by the differential pre-existing immunity in the younger subjects who reported less exposure to the traditional IIV3 in previous years; 79% of subjects 18-51 years of age had received IIV3 at least 3 times in the past 5 years compared with 98% of subjects 51-70 years of age (Table 3 , p = 0.0005).
We demonstrated in our previous studies that H5 DNA vaccine can prime for a significantly improved immune response to H5N1 MIV when the boost interval is 12-24 weeks [7, 8, 10] . In further assessments of the generalizability of this finding to seasonal influenza antigens, factors such as pre-existing immunity, prime-boost antigen matching, and an optimal boost interval should be carefully considered. A seasonal influenza DNA prime-IIV3 boost regimen with matched antigens, on a 12-24 week schedule is being evaluated. There remains the possibility that the best application of DNA prime-IIV3 boost strategy would be in pre-pandemic situations with more novel influenza strains to which there is low or no pre-existing immunity in the population. This priming strategy may also be applicable to young children for whom several vaccinations with IIV3 are currently needed to induce protective immunity. 
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